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FluorescenceWe report the chemical design and development of 3-aryl-substituted 7-alkoxy-4-methylcoumarins with
enhanced ﬂuorogenic properties. The 3-aryl substituents are installed via an optimized Suzuki–Miyaura
cross-coupling (SMC) reaction between a 7-alkoxy-3-bromo-4-methylcoumarin and aryl boronic MIDA
esters using Pd(OAc)2/XPhos in a catalytic system with K2CO3 in aqueous THF. Under these conditions,
an exocyclic ester functionality is found to be unaffected. Subsequent saponiﬁcation revealed a carboxylic
acid functionality that is suitable for conjugation reactions. Evaluation of their ﬂuorescence properties
indicated that the installed 3-heteroaryl substituent, particularly benzofuran-2-yl, resulted in a signiﬁ-
cant red shift of both the excitation and emission wavelengths.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).Fluorescence bio-imaging has widespread uses in biochemical
and cellular research. In this context, ﬂuorescent probes, such as
tagged or labeled biomolecules are indispensable tools for moni-
toring molecular changes continuously in the intracellular environ-
ment at low concentrations.1 In the selection of a suitable
ﬂuorogenic tag, the ﬂuorophore should have a number of desired
characteristics, including chemical and photo-stability, a high
quantum yield, a large Stokes’ shift, good solubility under physio-
logical conditions, and low cell toxicity. For example, high ﬂuores-
cent quantum yields are important to reduce (i) the concentration
of the probe, which in turn minimizes potential toxicity, and (ii)
interference from endogenous components of the cells.2
In this regard, coumarin derivatives have many of the important
desirable features, including small size, easy to manipulate syn-
thetically, low toxicity, large Stokes’ shifts to avoid a signiﬁcant
overlap of the excitation and emission spectra, and good photo-sta-
bility.3–5
Coumarin derivatives are already used as ﬂuorescent sensors for
Mg2+,6 Hg2+,7 and cytochrome P450 function.8 A typical feature of
the ﬂuorogenic coumarin moiety is the presence of an electron-
donating group at the 7-position. However, a limitation of ﬂuoro-
genic coumarin derivatives when used for bio-imaging is the
interference of background ﬂuorescence from components of the
cells, primarily due to the short excitation wavelength of coumarin
in the UV region.9 In order to address this limitation, both theabsorption and emission maxima of coumarin could be shifted to
longer wavelengths by installing a heteroaromatic substituent at
the 3-position, which effectively extends the p system of the cou-
marin moiety.9 We10 and others4,11 have adopted this approach;
for example, the Bauerle andWang groups conﬁrmed that the ﬂuo-
rescence intensity was enhanced by modiﬁcation of the parent
coumarin at the 3-position.4f,11
Thus, in order to exploit many of the unique features of ﬂuoro-
genic coumarin, we have designed and synthesized a panel of mul-
tifunctional coumarin tags, 6-[(3-aryl-4-methylcoumarin-7-
yl)oxy]hexanoic acids, which are capable of conjugation reactions
with substrates via, for example, amide bond formation. The ﬂuo-
rogenic properties of our coumarin tags are enhanced by the
unique heteroaryl substituent at the C3-position. We report, for
the ﬁrst time, an extensive appraisal of the Pd(0)-catalyzed
Suzuki–Miyaura cross-coupling (SMC) reaction conditions for the
installation of the desired heteroaryl substituent.
Thus, the desired intermediate ethyl 6-[(3-bromo-4-methyl-
coumarin-7-yl)oxy]hexanoate (3) was obtained from 7-hydroxy-
4-methylcoumarin (1) in two steps (Scheme 1). In the ﬁrst step,
the alkylation of the phenolic group with ethyl 6-bromohexanoate
was carried out in DMF at 75 C for 4 h, which gave the product 2 in
85% yield. Since aryl bromides and iodides are often used in SMC
reactions due to their high reactivity, by facilitating the oxidative
addition step in the SMC catalytic cycle,12 we next considered reg-
ioselective bromination of our intermediate 2. Direct bromination
of aromatic compounds using bromine generates toxic and corro-
sive HBr, which is hazardous to the environment;13 the reaction
OHO O OO O
(H2C)5O
O
OO O(H2C)5O
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Scheme 1. Synthesis of ﬂuorescent 7-alkoxy-3-aryl-4-methylcoumarin derivatives. Reagents and conditions: (i) ethyl 6-bromohexanoate, K2CO3, DMF, 75 C; (ii) NBS,
NH4OAc; (iii) catalyst/ligand, base, 60–70 C; (iv) LiOH, 5 equiv, THF–H2O (3:2).
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polybrominated products.14 N-Bromosuccinimide (NBS) is consid-
ered a superior brominating agent due to the ease of its handling
and low cost.13 Thus, treatment of intermediate 2 with NBS, in
the presence of NH4OAc, for 30 min at ambient temperature affor-
ded 3 in excellent yield (85%).
Next, Pd(0)-catalyzed cross-coupling of intermediate 3 with
various heteroaryl boronic esters was evaluated. In order to gauge
the potential of established SMC methodologies, 2-furan boronic
acid was used as a model coupling substrate. Among the various
reported SMC reaction conditions, Pd(dppf)2 as catalyst and
K2CO3 as the base suspended in 1,4-dioxane are considered highly
efﬁcient in cross-coupling conjugation of aryl halides with various
boronic compounds.12c Therefore, this protocol was applied to our
coumarin scaffold 3.
Initially, when coumarin 3 was allowed to react with 1.5 equiv
of furan boronic acid at 70 C for 24 h, the 3-furyl product 4a was
obtained in trace amounts (Table 1, entry 1), with near complete
recovery of the starting material 3. Although an increase in the
boronic acid quantity (2 equiv) improved the reaction, the conver-
sion was still poor (Table 1, entry 2). This inefﬁciency was attrib-
uted to the instability of the substrate 2-furan boronic acid, since
it is known to decompose via protodeboronation.15 Moreover, the
protodeboronation is thought to be accelerated by heat in the pres-
ence of a base.15 However, decreasing the quantities of the base toTable 1
Optimized Pd-catalyzed Suzuki cross-coupling reactions of ethyl 6-[(3-bromo-4-methylco
Entry Aryl boronic acid or ester (2 equiv) Catalytic system Base
1 2-Furan boronic acid b PdCl2(dppf) K2C
2 2-Furan boronic acid PdCl2(dppf) K2C
3 2-Furan boronic acid PdCl2(dppf) K2C
4 2-Furan boronic MIDA PdCl2(dppf) K2C
5 2-Furan boronic MIDA PdCl2(dppf) Et3N
6 2-Furan boronic MIDA PdCl2(dppf) NM
7 2-Furan boronic MIDA PdCl2(dppf) Cs2C
8 2-Furan boronic MIDA PdCl2(dppf) K2C
9 2-Furan boronic MIDA PdCl2(dppf) Et3N
10 2-Furan boronic MIDA PdCl2(dppf) NM
11 2-Furan boronic MIDA PdCl2(dppf) K2C
12 2-Furan boronic MIDA PdCl2(dppf) K2C
13 2-Furan boronic MIDA PdCl2(dppf) K2C
14 2-Furan boronic MIDA Pd(PPh3)4 K2C
15 2-Furan boronic MIDA Pd(OAc)2/P(Ph)3 K2C
16 2-Furan boronic MIDA Pd(OAc)2/XPhos K2C
17 2-Thiophene boronic MIDA Pd(OAc)2/XPhos K2C
18 2-Benzo[b]furan boronic MIDA Pd(OAc)2/XPhos K2C
a Conversion rate is based on a combination of isolated yields (following a simple wo
b 1.5 equiv.
c 1.0 equiv.one equivalent did not improve the conversion (Table 1, entry 3).
To overcome this problem, 2-furan boronic MIDA ester was used
since it is considered to be more stable than the corresponding
boronic acid.15 Although the reaction was slow and did not reach
completion (Table 1, entry 4), it gave an improved and consistent
result. Consequently, furan MIDA ester was used in subsequent
evaluation of the SMC reaction.
The role of the base in SMC reactions is thought to accelerate
the transmetallation rate through the coordination of a negatively
charged base to the boron atom and to increase its nucleophilicity
for transmetallation.12c,16 The bases most commonly employed for
SMC are K3PO4, Na2CO3, and K2CO3. Others, including LiOH, KOH,
and KF have also been used.17 The base can be used in aqueous
solution or as a suspension in 1,4-dioxane or DMF.16b At present,
the choice of base is still empirical and no general rule for their
selection has been established. In our system, changing the base
to an organic base, for example, triethylamine and N-methylmor-
pholine (NMM) afforded the coupled product 4a in trace amounts
(Table 1, entries 5 and 6).
Cesium base compounds are known to be superior to their
potassium analogues with respect to reaction time and yield.18 Lit-
tke and et al. used Cs2CO3 and found that the coupling reaction was
more rapid in the presence of cesium compounds.12b Hence, by
changing the base to Cs2CO3, the progress of our SMC reaction
improved to 35%, but the conversion was still incomplete (Table 1,umarin-7-yl)oxy]hexanoate (3) with boronic acid or MIDA esters
(3 equiv) Solvent Time (h) Conversion ratea (%)
O3 1,4-Dioxane 24 <0.2
O3 1,4-Dioxane 30 19
O3c 1,4-Dioxane 26 2
O3 1,4-Dioxane 30 22
1,4-Dioxane 24 2
M 1,4-Dioxane 26 <0.2
O3 1,4-Dioxane 24 35
O3 1,4-Dioxane/H2O 20 71
1,4-Dioxane/H2O 23 9
M 1,4-Dioxane/H2O 24 <0.2
O3/TBAB 1,4-Dioxane/H2O 22 46
O3 DMF/H2O 24 <0.2
O3 THF/H2O 5 71
O3 THF/H2O 23 58
O3 THF/H2O 22 48
O3 THF/H2O 2.5 71
O3 THF/H2O 4 76
O3 THF/H2O 4 90
rk-up) and purity determined by 1H NMR and RP-HPLC.
Table 2
Photophysical properties (k in nm and e in mol1 L cm1) of the coumarin 5 and the 3-
aryl coumarin derivatives 5a–c
Compound kmax kex kem e
5* 320 324 380 9709
5a 345 345 475 18,810
5b 335 330 451 16,110
5c 345 345 480 17,060
* Compound 5 is 6-[(4-methylcoumarin-7-yl)oxy]hexanoic acid.
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Figure 1. Normalized excitation (top) and emission (bottom) spectra of solutions of
5 and 5a–c. The measurements were carried out in HEPES buffer.
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gated. By using 0.75 M K2CO3 in H2O, introduction of the furan at
the 3-position occurred in a good yield. Unfortunately, the reaction
was still incomplete, and we were concerned with possible sapon-
iﬁcation side-reactions. In fact, according to 1H NMR analysis, the
purity of the product was >90% (Table 1, entry 8). The use of H2O
with the organic bases, Et3N and NMM did not change the efﬁ-
ciency of the reaction (Table 1 entries 9 and 10), and was observed
to be detrimental. Therefore, the role of H2O appeared to enhance
the solubility of K2CO3. Moreover, it was reported that tetra-n-
butylammonium bromide (TBAB), a phase-transfer reagent, may
improve the yields of SMC reactions in water by enhancing the sol-
ubility of the organic substrates in the solvent mixture.19 However,
in our hands, the addition of TBAB (dissolved in water) did not
enhance the reaction outcome (Table 1, entry 11).
In order to study the effect of solvents on our system, the reac-
tion was carried out in aqueous mixtures of 1,4-dioxane, DMF, and
THF. The use of aqueous THF appeared to be the most appropriate,
as was evident from the quicker (5 h reaction time) conversion rate
(Table 1, compare entries 8, 12 and 13). Unexpectedly, the use of
aqueous DMF was found to be detrimental, resulting in only trace
amounts of the desired product 4a.
Apart from solvents and bases, the catalyst itself plays an
important role in SMC reactions.20 Thus, with the solvent (aqueous
THF) and base (K2CO3) selected, catalyst screening was then per-
formed. Among different ligand systems, phosphine-based ligands,
such as trialkylphosphine and electron-rich dialkylbiarylphos-
phines, have emerged as being effective for SMC reactions.20 The
use of PdCl2(dppf) has been reported by Molander and Yun21 as
an efﬁcient catalyst for the speciﬁc cross-coupling of coumarin
bromide with a MIDA boronic ester. Similarly, in our system, the
conversion was observed to be efﬁcient (Table 1, entry 13). How-
ever, changing the catalytic system to Pd(PPh3)4 and Pd(OAc)2/
PPh3 gave disappointing results (Table 1, entries 14 and 15), in
which the observed conversion was reduced from ca. 70% to 50–
60%.
Gratifyingly, the use of the catalytic system Pd(OAc)2/XPhos
furnished the cross-coupled product 4a with high conversion after
2.5 h (Table 1, entry 16). A careful analysis of the reaction optimi-
zation results showed that the catalytic system Pd(OAc)2/XPhos
with K2CO3 in aqueous THF proved to be the most appropriate
reaction conditions, affording an excellent yield of 76% and purity
(established using RP-HPLC) of 93%.
In order to assess the reliability of the optimized SMC condi-
tions, two other boronic MIDA esters, 2-thiophene boronic MIDA
ester and 2-benzo[b]furan boronic MIDA ester were reacted with
coumarin intermediate 3. The results conﬁrmed the superiority
of the optimized SMC conditions, in which the products 4b and
4c22 were obtained in high yields within four hours (Table 1,
entries 17 and 18).
The last step was saponiﬁcation of 4a–c to afford coumarin
reagents 5a–c. The aqueous base LiOH was chosen, and reactions
were performed at ambient temperature in THF–H2O, 3:2 for
1.5–2.5 h to afford pale yellow products in good yields (64–73%).
The new derivatives 5a–cwere then evaluated for their spectro-
scopic properties under near physiological conditions (20 mM
HEPES buffer at pH 7). Interestingly, all the newly synthesized cou-
marin derivatives 5a–c are characterized by a higher molar extinc-
tion (e) at kmax when compared to the C3-unsubstituted reagent 5
(R = H) by ca. twofold (Table 2). Furthermore, the installed 3-aryl
substituent resulted in a signiﬁcant bathochromic shift of both
the absorption maximum kmax and emission maximum kem. Thus,
compared to 5, the shifts in (kex) and (kem) were found to be 5–
20 nm and 71–100 nm, respectively, (Table 2 and Fig. 1).
Expectedly, all the newly synthesized coumarin derivatives 5a–
c showed signiﬁcantly large Stokes’ shifts (121–135 nm), which ishighly desirable since this allows easy discrimination of excitation
and emission wavelengths.
In summary, we have undertaken a thorough evaluation of SMC
conditions for the cross-coupling of a modiﬁed 3-bromocoumarin
with aryl boronic acid derivatives. We established that the recently
reported aryl boronic MIDA esters15a are best suited for this type of
challenging SMC reaction, and that the optimal conditions involved
the use of Pd(OAc)2/XPhos as the catalytic system and K2CO3 in
aqueous THF as the base. Under these conditions, SMC reactions
performed at 60–70 C were completed within 2.5–4 h. Moreover,
our 3-heteroaryl-modiﬁed coumarin derivatives displayed
enhanced ﬂuorogenic properties. For example, the 3-benzo[b]-
furan-2-yl coumarin derivative 5c, when excited at 345 nm, emits
blue-green ﬂuorescence. Given these unique features, together
with the strategically placed 6-carboxyhexyloxy group (at the
C7-position), we anticipate these new coumarin derivatives will
be useful reagents for the labeling/tagging of bio(macro)molecules
for chemical biology studies.
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